Introduction
============

Nitrilase enzymes (nitrilases) catalyse the hydrolysis of nitrile (R‐CN) compounds to the corresponding carboxylic acid and ammonia. These enzymes have been identified and characterized in plants, bacteria and fungi, and homologues have been found in the genomes of animals and yeast ([@b56]; [@b53]). Since the first identification of nitrilase activity in plants in 1958 ([@b71]) and in bacteria in 1964 ([@b27]), over 30 nitrilases have been characterized. However, most bacterial nitrilases have been identified with the aim of elucidating novel mechanisms for chemical synthesis or degradation, rather than deciphering their function in nature ([@b12; @b11]), and the biological role of many of these enzymes remains unknown. Fortunately, as more enzymes have been identified and their substrates and expression patterns determined, clues as to their biological role have been revealed. Nitrile compounds are abundant in the plant environment and current evidence suggests that microbial nitrilases form part of an array of mechanisms that facilitate microbial colonization of plants, with possible roles in plant hormone synthesis, nitrogen utilization, the catabolism of cyanogenic glycosides and glucosinolates and the detoxification of nitriles and cyanide ([@b53]; [@b32]; [@b28]). As a consequence it seems likely that a greater understanding of nitrilases and their role in plant--microbe interactions could have substantial benefits for a range of biotechnological applications, including plant growth promotion, bioremediation and disease control. In this paper the activity of nitrilases will be reviewed and their potential role in plant--microbe interactions will be discussed.

The nitrilase superfamily
=========================

The nitrilase superfamily, also referred to as the CN‐hydrolases, is comprised of enzymes that catalyse the hydrolysis of non‐peptide carbon--nitrogen bonds. Members of the superfamily are divided into 13 branches according to sequence identity and catalytic activity. These branches include the aliphatic amidase, N‐terminal amidase, biotinidase, carbamylase and nitrilase branches, among others ([@b56]). Nitrilases are perhaps the best characterized of all members of the superfamily with numerous examples identified across kingdoms ([@b53]). These enzymes hydrolyse the CN group of a nitrile compound resulting in the synthesis of the corresponding carboxylic acid and the release of ammonia. The reaction catalysed by nitrilases is shown in [Fig. 1](#f1){ref-type="fig"}. The nitrilase branch also contains the closely related cyanide hydratase and cyanide dihydratase enzymes. Cyanide hydratase enzymes preferentially hydrolyse cyanide to formamide while cyanide dihydratase enzymes specifically hydrolyse cyanide to formic acid and ammonia ([@b53]; [@b67]).

![The nitrilase reaction. Nitrilases catalyse the hydrolysis of nitriles to the corresponding carboxylic acid plus ammonia.](mbt0002-0441-f1){#f1}

All members of the nitrilase superfamily have a catalytic triad of amino acids -- glutamic acid, lysine and cysteine. The nitrilase branch can be distinguished from other members of the superfamily by a conserved cysteine‐tryptophan‐glutamic acid motif positioned at the cysteine residue of the catalytic triad. This cysteine residue is thought to form the active site for enzyme activity, and may be the point to which substrate groups attach prior to hydrolysis ([@b49]; [@b55]; [@b52]). Mutating this cysteine residue causes complete loss of nitrilase activity, as has been observed in *Alcaligenes faecalis* JM3 and *Arabidopsis thaliana* ([@b34]; [@b74]). In addition, nitrilases have a sulfhydryl group that is essential for catalytic activity and thus nitrilases are classified as thiol enzymes ([@b53]; [@b60]). Enzyme activity may be inhibited by the presence of thiol binding compounds such as silver nitrate (AgNO~3~) and copper sulfate (CuSO~4~), and enhanced in the presence of thiol‐reducing agents such as dithiothreitol ([@b1001]).

Nitrilases are frequently classified into one of three categories according to substrate specificity: aliphatic nitrilases, which act primarily on aliphatic nitriles such as acrylonitrile, glutaronitrile and β‐cyano‐[l]{.smallcaps}‐alanine; aromatic and heterocyclic nitrilases, which act primarily on aromatic or heterocyclic nitriles such as benzonitrile and cyanopyridine, and arylacetonitrilases which act primarily on arylacetonitriles such as indole‐3‐acetonitrile (IAN), phenylacetonitrile and phenylpropionitrile ([@b10]; [@b53]). Examples of each class of nitrile compound are shown in [Fig. 2](#f2){ref-type="fig"}. Some nitrilases are extremely substrate specific, such as the nitrilase of *Klebsiella pneumoniae* sp. *ozaenae* and NIT4 of *A. thaliana* ([@b45]; [@b59]), which catalyse the hydrolysis of bromoxynil and β‐cyano‐[l]{.smallcaps}‐alanine respectively. Other enzymes have a broad substrate range, such as the nitrilase of *Bacillus pallidus* Dac521, which hydrolyses aromatic, aliphatic and heterocyclic nitriles ([@b2]; [@b1]). Nitrilases with the same substrate specificity often show amino acid sequence similarity and may fall within the same clade in phylogenetic analyses ([@b63]; [@b60]; [@b28]). [Figure 3](#f3){ref-type="fig"} shows the phylogenetic relationship of a representative set of characterized nitrilases from different organisms. Within this tree are distinct groupings that in many cases correlate with the active substrate for enzyme activity.

![Examples of nitrile compounds. Nitrile compounds can be classified into one of three groups according to their structure: aromatic or heterocyclic (A), aliphatic (B) and arylacetonitrile (C). Chemical structures were drawn using ACD/ChemSketch (<http://www.acdlabs.com/download/chemsk.html>).](mbt0002-0441-f2){#f2}

![Strict consensus tree of characterized nitrilases. The tree was generated by parsimony analysis and is supported by a bootstrap analysis with 500 replicates. The tree is rooted using the *Pseudomonas aeruginosa* aliphatic amidase sequence. Shading corresponds to plant genes (green), bacterial genes (blue) and fungal genes (pink). Included in the tree are cyanide hydratase (CH) and cyanide dihydratase (CDH) genes, which are closely related to nitrilases and are found within the nitrilase branch of the superfamily ([@b53]). Gene names, where known, are shown in parentheses. The tree is annotated with the most active substrate or substrate class for each enzyme, where known (ARO, aromatic; ALIPH, aliphatic; ARYL, arylacetonitriles; Ala(CN), β‐cyano‐[l]{.smallcaps}‐alanine; CN, cyanide). The tree was generated using the method described by [@b28]).](mbt0002-0441-f3){#f3}

Nitrile compounds in nature
===========================

Cyanolipids, cyanogenic glycosides and glucosinolates
-----------------------------------------------------

Nitrile compounds are abundant in the natural environment and are synthesized by plants and microbes as intermediates in chemical biosynthesis and degradation ([@b40]). The widespread occurrence of nitrile compounds may explain the prevalence of nitrilases in prokaryotes and eukaryotes. Indeed, nitrilase activity may be a universal property of all land plants ([@b58]). Within plants, nitriles are particularly common in defence pathways and in many cases are linked with the metabolism of cyanide. Members of the *Sapindaceae* and *Boraginaceae* plant families produce cyanolipids from the esterification of α‐hydroxylated nitriles and fatty acids. Cyanolipids act as a nitrogen store in the seeds of these plants. In addition they may be used a defensive compound against herbivory, as their hydrolysis results in the production of cyanohydrin which subsequently decomposes to liberate hydrogen cyanide (HCN; [@b40]; [@b65]).

Nitrile compounds are also produced during the metabolism of cyanogenic glycosides and glucosinolates. Both are defence molecules which provide protection to plants against herbivory and pathogen attack ([@b73]; [@b16]; [@b22]). While cyanogenic glycosides are widely distributed in plants, glucosinolates are almost exclusively found in the *Capparales* order, which includes the *Brassicaceae*. Nitrile compounds are also found as intermediates during cyanogenic glycoside biosynthesis ([@b73]; [@b77]; [@b22]). Within the plant, cyanogenic glycosides and glucosinolates are stored in compartments spatially isolated from the enzymes that degrade them. Tissue damage causes enzyme and substrate to mix, resulting in their degradation and the release of a toxic product. Cyanogenic glycosides are degraded by glycosidases to cyanohydrin which is decomposed to HCN and an aldehyde ([@b13]; [@b73]). Glucosinolates are degraded by the activity of myrosinase enzymes to form glucose and an unstable aglycone molecule. Aglycone molecules undergo rearrangement to form either nitriles, isothiocyanates, epithionitriles, thiocyanates or oxazolidine‐2‐thione ([@b22]).

In addition to their role in plant defence, glucosinolates may also be intermediates in plant hormone synthesis. [@b42]) hypothesize that in nasturtium (*Trapoleum majus*) benzylglucosinolate and indole‐3‐methylglucosinolate are degraded by myrosinase to produce phenylacetonitrile and IAN respectively. Phenylacetonitrile and IAN can also be produced directly from aldoxime precursors by aldoxime dehydratase enzymes ([@b48]). These two compounds may subsequently be hydrolysed by nitrilase activity to the auxins phenylacetic acid and indole‐3‐acetic acid (IAA; [@b42]). The hydrolysis of IAN to IAA by nitrilase activity is an extremely well‐characterized reaction in plants and bacteria ([@b34]; [@b6]; [@b50]; [@b74]). However, the IAN pathway is one of several that have been identified for IAA biosynthesis in plants ([@b51]) and the contribution of nitrilase activity to overall IAA production may be less important than first predicted ([@b58]). [@b48]) suggest that an alternative, or additional, function for IAN may be as an intermediate in synthesis of the phytoalexin camalexin, but a biosynthetic route from IAN to camalexin has not yet been identified.

Cyanide and the synthesis of β‐cyano‐[l]{.smallcaps} ‐alanine
-------------------------------------------------------------

Nitriles are also present in plants as intermediates in cyanide metabolism. Cyanide is synthesized by plants during defence responses, as mentioned above, but also as a co‐product of ethylene biosynthesis. Ethylene is synthesized from 1‐aminocyclopropane‐1‐carboxylic acid with the release of CO~2~ and HCN ([@b57]). Free cyanide and cysteine are metabolized to the nitrile β‐cyano‐[l]{.smallcaps}‐alanine by the enzyme β‐cyano‐[l]{.smallcaps}‐alanine synthase ([@b19]; [@b9]). β‐Cyano‐[l]{.smallcaps}‐alanine is a potent neurotoxin and may accumulate in the tissues of some plants, such as vetch (*Vicia*), to be used as an anti‐herbivory agent ([@b72]; [@b62]). However, in most plants β‐cyano‐[l]{.smallcaps}‐alanine is quickly detoxified by nitrilase activity to aspartic acid, asparagine and ammonia. The reactions linking ethylene biosynthesis with cyanide and β‐cyano‐[l]{.smallcaps}‐alanine production are shown in [Fig. 4](#f4){ref-type="fig"}.

![Ethylene, cyanide and β‐cyano‐[l]{.smallcaps}‐alanine synthesis in plants. When plants synthesize ethylene they also produce cyanide as a co‐product. Cyanide is converted to β‐cyano‐[l]{.smallcaps}‐alanine which is subsequently detoxified by a NIT4‐type nitrilase to aspartic acid and ammonia. Asparagine is also produced in this reaction because NIT4 displays β‐cyano‐[l]{.smallcaps}‐alanine‐hydratase activity ([@b59]). Enzymes are shown in italics. SAM, S‐adenosyl‐[l]{.smallcaps}‐methionine; ACC, 1‐aminocyclopropane‐1‐carboxylic acid. This figure was adapted from [@b1002]).](mbt0002-0441-f4){#f4}

In plants, the hydrolysis of β‐cyano‐[l]{.smallcaps}‐alanine is catalysed by the nitrilase NIT4, and NIT4 homologues have been found throughout the plant kingdom ([@b59]; [@b30]; [@b58]). NIT4‐type nitrilases from plants have been shown to have nitrilase and nitrile hydratase activity, which explains the synthesis of asparagine and aspartic acid from β‐cyano‐[l]{.smallcaps}‐alanine ([@b59]). β‐Cyano‐[l]{.smallcaps}‐alanine synthases have also been found in a number of bacteria and in insects ([@b15]; [@b43]; [@b46]), and a NIT4‐type nitrilase has recently been characterized in bacteria ([@b28]). β‐Cyano‐[l]{.smallcaps}‐alanine synthase and NIT4 are likely to have a dual role in cyanide detoxification and also in the recycling of nitrogen from cyanide into amino acids ([@b23]). β‐Cyano‐[l]{.smallcaps}‐alanine synthase activity has been found to correlate with levels of ethylene in plant tissues ([@b21]), and plants experiencing drought stress have been shown to have enhanced production of ethylene which in turn causes an increase in HCN synthesis and β‐cyano‐[l]{.smallcaps}‐alanine synthase activity ([@b41]).

In bacteria, nitriles may be formed during the detoxification of endogenous and exogenous cyanide. Bacteria produce cyanide in a process termed cyanogenesis, in which HCN and CO~2~ are synthesized from glycine by the enzyme HCN synthase. Hydrogen cyanide synthase is encoded by three biosynthetic genes, *hcnA*, *hcnB* and *hcnC* ([@b38]; [@b61]). Hydrogen cyanide synthase has been partially purified and characterized from strains of *Pseudomonas aeruginosa* and *Pseudomonas fluorescens*, and this enzyme appears to be present in a number of bacteria ([@b38]; [@b61]). The degree of cyanide production may depend on nutrient supply, the phase of bacterial growth and the level of aeration in the environment. While the function of bacterial cyanogenesis remains unclear, this property may promote competitiveness as a consequence of antagonistic activity towards competitors and predators, or may facilitate mobilization and uptake of metals ([@b61]; [@b17]).

Bacteria that are exposed to, or actively producing cyanide may protect themselves from cyanide toxicity using cyanide‐degrading enzymes, which may have cyanide hydratase, cyanide dihydratase or rhodanese activity. Alternatively, bacteria may incorporate cyanide into nitrile compounds, such as β‐cyano‐[l]{.smallcaps}‐alanine, which can then be used by the bacterium as a carbon and nitrogen source through the activity of a nitrilase ([@b72]; [@b78]; [@b53]; [@b7]). Bacteria, like plants, may produce β‐cyano‐[l]{.smallcaps}‐alanine through the activity of cysteine synthase enzymes. β‐Cyano‐[l]{.smallcaps}‐alanine synthase is related to the enzyme cysteine synthase, and both enzymes have been shown to have overlapping activities ([@b23]). Putative cysteine synthase genes have been identified in the β‐cyano‐[l]{.smallcaps}‐alanine‐degrading bacterium *P. fluorescens* SBW25, and it seems likely that this bacterium is able to synthesize β‐cyano‐[l]{.smallcaps}‐alanine from cysteine and cyanide as well as hydrolysing β‐cyano‐[l]{.smallcaps}‐alanine by NIT4‐type nitrilase activity ([@b28]).

The regulation of nitrilase activity
====================================

Nitrilases have been found to be regulated at the transcriptional and post‐translational level, and gene expression and enzyme activation may depend on environmental conditions and substrate availability. The regulation of nitrilase activity in plants appears to be closely linked to tissue‐specific conditions and certain developmental stages, although at present relatively little is known about the transcription factors and regulatory mechanisms that regulate nitrilase expression in plants. The expression patterns of *NIT1*, *2* and *3* of *A. thaliana* are distinct. *NIT1* is expressed in all green tissue and is strongly expressed in apical buds, root tips, tissue of developing adventitious roots and the nodal region of adventitious root formation ([@b26]; [@b74]). *NIT2* on the other hand is strongly expressed in the mature embryo and cotyledons of very young seedlings ([@b74]), and is induced upon pathogen attack, which is consistent with the idea that one function for these nitrilases is in synthesis or detoxification of defensive metabolites ([@b6]). *NIT3* is expressed in the cotyledons and hypocotyls of germinating seedlings ([@b74]). Interestingly, NIT4 activity is higher in senescent leaves of *A. thaliana* compared with non‐senescent leaves ([@b59]). The upregulation of NIT4 activity during senescence may be linked with increased ethylene biosynthesis and cyanide production. These defined expression patterns suggest that each nitrilase has a precise role within a particular tissue.

In bacteria, some progress has been made towards identifying regulatory proteins involved in transcriptional regulation of nitrilase activity. The nitrilase of *Rhodococcus rhodochrous* J1, *nitA*, has a regulatory gene *nitR*, in close proximity, which is required for nitrile‐dependent activation of *nitA* ([@b37]). While the precise mechanism of *nitR* activity remains to be elucidated, it has been shown that deleting portions of *nitR* results in complete loss of *nitA* activity in *R. rhodochrous* J1. *nitR* shows homology to *xylS*, a positive regulator of xylene metabolism in *Pseudomonas putida*, and to *araC*, a positive regulator of arabinose metabolism in *Escherichia coli* ([@b37]), which suggests that it may function in a similar manner to these well‐characterized regulators, and activate gene expression in response to a direct interaction with a nitrile substrate effector ([@b64]; [@b14]). *Bacillus* sp. OxB‐1 has also been shown to have a *nitR*‐type regulatory gene adjacent to its nitrilase ([@b31]). The *P. fluorescens* strains SBW25, PfO‐1 and Pf‐5 all have a LysR‐type transcriptional regulator adjacent to the β‐cyano‐alanine nitrilase gene and it is possible that this gene is a positive regulator of nitrilase activity in these bacteria ([@b28]).

The β‐cyano‐[l]{.smallcaps}‐alanine nitrilase of *P. fluorescens* SBW25 has been shown to be transcriptionally induced by a plant‐derived signal produced by both *A. thaliana* seedlings and sugar beet seedlings ([@b20]; [@b28]). This nitrilase is also induced by the substrate for enzyme activity, β‐cyano‐[l]{.smallcaps}‐alanine, and by its precursors cyanide and cysteine ([@b28]), which suggests that one or more of these chemicals are present at inducing levels in root exudates. Nitrilase expression was found to be induced by nanomolar amounts of β‐cyano‐[l]{.smallcaps}‐alanine, compared with micromolar amounts of cyanide and cysteine, which suggests that cyanide or cysteine‐dependent induction may result from the conversion of these chemicals into β‐cyano‐[l]{.smallcaps}‐alanine, as discussed above.

Some nitrile‐degrading bacteria have been shown to exhibit both substrate‐specific and environmental regulation of nitrilase activity. For example, *R. rhodochrous* cells induced with propionitrile hydrolyse a different range of nitriles than cells induced with benzonitrile, and the nitrilase generated upon induction with propionitrile is different from that generated by benzonitrile. The N‐terminal sequence of these enzymes differs at the third residue and the optimal temperature and pH for catalytic activity is different for each enzyme ([@b29]). The nitrilase of *P. fluorescens* DSM7155 requires arylacetonitriles for enzyme induction, but the presence of ammonium ions represses nitrilase induction, suggesting a degree of catabolite repression, and supporting the hypothesis that the primary role of this nitrilase is in nitrogen assimilation ([@b1001]).

Each subunit of a nitrilase consists of a single polypeptide approximately 40 kDa in size ([@b53]). In most cases the active form of the enzyme is an aggregate of subunits. However, some nitrilases are active as monomers, such as the nitrilase of *R. rhodochrous* PA34 ([@b8]), while others are active as dimers, such as the nitrilase of *K. pneumoniae* sp. *ozaenae* ([@b69]). The nitrilase of *R. rhodochrous* NCIMB 11216 is active in a multimeric form, comprising of 12 subunits associated to give a 560 kDa protein. Subunit association and subsequent enzyme activation only occur when bacteria are incubated with the substrate. Thus, the enzyme can be classified as an inducible enzyme ([@b29]). Similar observations have been made with a number of characterized nitrilases.

Some nitrilases exist as heterologous co‐polymers where two different subunits make up an active multimeric enzyme. The nitrilase of *P. fluorescens* DSM7155 consists of 40 kDa and 38 kDa subunits ([@b1001]). In addition, nitrilase proteins may associate with proteins with no nitrile‐hydrolysing activity. The nitrilase of *B. pallidus* Dac521 associates with a GroEL‐like protein while the nitrilase of *P. fluorescens* DSM7155 associates with the protein CPN60. Both proteins are chaperonins and may enhance protein folding or enzyme stability ([@b1001]; [@b2]; [@b1]).

Nitrilases in nature and their role in plant--microbe interactions
==================================================================

The biochemical and biological properties of nitrilases and their substrates indicate that these enzymes are likely to have functions in defence, detoxification, nitrogen utilization and plant hormone synthesis. Plant nitrilases are perhaps the best characterized of all nitrilases in relation to their biological functions, particularly *NIT1, 2, 3* and *4* of *A. thaliana*. Plant nitrilases form two distinct groups according to substrate specificity: those with high hydrolytic activity towards arylacetonitriles and those with high hydrolytic activity towards β‐cyano‐[l]{.smallcaps}‐alanine. *NIT1, 2* and *3* of *A. thaliana* are arylacetonitrilases and are likely to have roles in the hydrolysis of nitriles produced during the synthesis or degradation of cyanogenic glycosides and glucosinolates. Phenylpropionitrile and other naturally occurring products of glucosinolate metabolism are preferred substrates for *NIT1*, *2* and *3* ([@b74]). In addition, all three enzymes have been shown to hydrolyse IAN to IAA, thus linking them to the biosynthesis of auxin ([@b6]). *NIT4* of *A. thaliana* falls into the second group of plant nitrilases, the *NIT4*‐type enzymes. *NIT4* enzymes are widespread in the plant kingdom and as mentioned earlier, are likely to be important in the cyanide detoxification pathway ([@b59]; [@b58]).

Many microbial nitrilase, cyanide hydratase and cyanide dihydratase enzymes have been identified in organisms isolated from cyanide or nitrile‐contaminated land and water, and have been shown to enhance the cyanide and nitrile tolerance of the organisms that produce them, which supports the idea that these enzymes have functions in cyanide and nitrile detoxification. For example, the cyanide hydratase of *Fusarium solani* can hydrolyse free or metal‐complexed cyanide, enabling this organism to tolerate concentrations of cyanide that would be toxic to other microorganisms. This hydrolysis may also supplement the organism\'s nitrogen supply and thus enhance growth ([@b5; @b4]). Microbes may also use nitrilase activity for the detoxification and assimilation of nitriles and cyanide present in the plant environment. For example, the cyanide hydratase of the sorghum pathogen *Gloeocercospora sorghi* may allow this fungal pathogen to colonize its cyanogenic host plant ([@b76]; [@b75]). Sorghum plants store the cyanogenic glycoside dhurrin in vacuoles of leaf epidermal cells. Upon tissue damage dhurrin degradation commences, causing the liberation of cyanide which is thought to act as a defensive compound ([@b40]). *Gloeocercospora sorghi* can break down this cyanide by cyanide hydratase activity, and the production of cyanide hydratase by *G. sorghi* has been shown to correlate with the concentration of cyanogenic compounds in sorghum tissue ([@b76]; [@b75]). The β‐cyano‐[l]{.smallcaps}‐alanine nitrilase produced by the plant growth‐promoting rhizobacterium *P. fluorescens* SBW25 has also been shown to enable this bacterium to tolerate toxic concentrations of this nitrile ([@b28]). However, it is still unclear whether *P. fluorescens* SBW25 and other plant‐associated organisms encounter toxic concentrations of microbial or plant‐derived β‐cyano‐[l]{.smallcaps}‐alanine in natural environments. β‐Cyano‐[l]{.smallcaps}‐alanine nitrilase activity has also been detected in cyanogenic *Pseudomonas*, such as *P. fluorescens* Pf‐5 ([@b28]), and it seems likely that a primary function of this nitrilase is as a mechanism for detoxifying endogenous and exogenous cyanide, rather than β‐cyano‐[l]{.smallcaps}‐alanine.

An alternative or additional function for β‐cyano‐[l]{.smallcaps}‐alanine nitrilase and for other nitrilases produced by plant‐associated microorganisms may be to allow microorganisms to use plant nitriles as a carbon and nitrogen source ([@b28]). The nitrilase of *P. fluorescens* EBC191 has been shown to hydrolyse a number of arylacetonitriles, including mandelonitrile, which is produced from cyanogenic glycosides as a defence against herbivores ([@b40]; [@b32]). The corresponding nitrilase gene is located in close proximity to genes involved in the mandelate pathway, suggesting that *P. fluorescens* EBC191 hydrolyses mandelonitrile to obtain nutrients during colonization of the plant environment ([@b32]). A similar nitrilase has been found in the bacterium *Alcaligenes faecalis* JM3 ([@b34]).

Bacteria may also hydrolyse arylacetonitriles, such as IAN, in order to synthesize auxins. The ability of microorganisms to produce auxins has been widely documented and may be associated with pathogenicity, symbiosis or plant growth promotion (reviewed by [@b68]). Indole‐3‐acetic acid has been shown to inhibit plant defence mechanisms and to alter plant growth and development. For example, IAA biosynthesis induced by *Agrobacterium tumefaciens* plays a central role in the formation of plant tumours known as galls ([@b33]; [@b35]). Indole‐3‐acetic acid production by both non‐pathogenic and pathogenic microorganisms may also stimulate cell wall elongation, lateral root formation and nutrient release from plant cells, all of which could facilitate invasion and colonization of plant tissues ([@b68]). Genome sequence analysis of the plant pathogenic bacteria *Pseudomonas syringae* pv. syringae B728a and *P. syringae* pv. tomato DC3000 has shown that they both contain nitrilase genes that show sequence similarity to those of *P. fluorescens* EBC191 and *Alcaligenes faecalis* JM3, which have been shown to hydrolyse arylacetonitriles such as IAN ([@b34]; [@b18]; [@b32]). Furthermore, both nitrilase genes are adjacent to a gene that encodes a putative aldoxime dehydratase, which could catalyse the conversion of IAOx into IAN, although the putative acetaldoxime dehydratase of *P. syringae* pv. tomato DC3000 appears to be a pseudogene, as is an adjacent regulatory gene. While these enzymes are yet to be characterized, it seems likely that they could act to produce auxins from IAOx, IAN and related compounds, and that their activity could contribute towards the pathogenicity of these bacteria.

Industrial applications of nitrilases
=====================================

In the last section of this review the industrial and biotechnological applications of nitrilases will be discussed, along with the challenges associated with their use. Nitrilases may be used in the synthesis of industrially important carboxylic acids which are otherwise produced by chemical methods requiring extreme conditions of temperature and pH ([@b36]; [@b54]). For example, the nitrilase of *R. rhodochrous* J1 can hydrolyse 3‐cyanopyridone to nicotinic acid, a vitamin used in animal feed and medicine ([@b44]).

Nitrilases may also be used in the bioremediation of land and water contaminated with toxic nitrile compounds. These compounds enter the environment from a variety of sources. In industry, acetonitrile is used as a solvent while acrylonitrile is used in the synthesis of plastics. Nitrile compounds such as bromoxynil are used as herbicides, and cyanide is used in the manufacture of plastics and the extraction of precious metals ([@b53]; [@b67]), as well as being released to the environment as a toxic by‐product of mining, metal finishing and organic chemical industries ([@b7]). The cyanide dihydratase of *Pseudomonas stutzeri* (isolated from the effluent of a metal plating plant) has been investigated as a mechanism for the removal of cyanide due to its cyanide‐degrading properties and the ability of this bacterium to tolerate high concentrations of KCN ([@b66]). The nitrilase of *K. pneumoniae* sp. *ozaenae* is highly specific for the herbicide bromoxynil ([@b45]). This enzyme has been expressed in plants, and confers herbicide resistance to transgenic lines ([@b70]).

However, despite great potential, few nitrilases have been used for chemical synthesis and bioremediation. One reason for this may be the laborious nature of identifying and characterizing nitrilases, which often relies on a hit‐or‐miss strategy where a range of nitrile compounds are tested as substrates for a potential nitrilase. Recently, scientists have developed high‐throughput strategies for identifying bacterial nitrilases. DNA samples from the environment are transformed into a bacterial expression vector and are screened for nitrilase activity. Using this strategy [@b12]) have identified over 200 nitrilase sequences which have been overexpressed and tested for hydrolytic activity, while [@b63]) have found 137 novel nitrilases, all of which contain the glutamic acid, lysine, cysteine catalytic triad. The availability of genome sequence data has also helped in the discovery of new nitrilases. For example, [@b24; @b25]) have used genome sequence data to identify a functional nitrilase from the cyanobacterium, *Synechocystis* sp.

Another reason for lack of progress in developing commercial applications of nitrilases is that these enzymes are often unstable and difficult to purify in an enzymatically active form. The addition of reducing agents such as dithiothreitol and 2‐mercaptoethanol can prevent oxidation of enzyme thiol residues that are important in the hydrolysis reaction ([@b3]). Ammonium sulfate and glycerol have also been found to stabilize nitrilases, possibly by preventing dissociation of enzyme subunits ([@b32]). Such strategies may be useful in improving enzyme activity and stability. Alternatively, scientists may use nitrilases isolated from organisms found growing naturally in extreme conditions, as these enzymes are likely to be more stable under harsh conditions. For example, the nitrilase from the thermophilic bacterium *B. pallidus* strain Dac521 has a broad substrate range and is extremely stable at high temperatures ([@b1]), while the nitrilase of the hyperthermophilic archeon *Pyrococcus abyssi* shows catalytic activity at high temperatures and across a wide pH range ([@b47]).

Concluding remarks
==================

The aim of this paper was to provide an overview of current knowledge of nitrilase activity, and specifically to review current understanding of the role of nitrilase activity in plant--microbe interactions. [Figure 5](#f5){ref-type="fig"} summarizes the main hypothesized roles for nitrilase activity in plant‐associated bacteria: detoxification, nutrient assimilation and modulation of plant development and physiology. The diversity and catalytic activity of the nitrilase family make them a useful tool in the catalysis of industrially and environmentally important reactions, but researchers continue to face significant challenges in identifying enzymes with suitable specificities and enzymatic properties for industrial‐scale processes. Research has shown that bioinformatic and phylogenetic analyses can be used to generate broad predictions of enzyme activity, as illustrated in [Fig. 3](#f3){ref-type="fig"}, so further characterization of the sequences and nitrilase activities associated with specific microbial communities, combined with recent developments in high‐throughput sequencing and profiling, could allow researchers to focus isolation efforts on communities that are likely to contain nitrilase activities of interest. Many microbial nitrilases appear to have evolved to degrade plant‐derived nitriles, so it may be possible to identify plant species that are rich in nitriles that show chemical similarities to target compounds, and to investigate the nitrilase activities present in the microorganisms associated with these plants.

![The hydrolysis of nitriles in the plant environment by plant‐associated bacteria. The figure shows four hypothesized roles for bacterial nitrilase enzymes during plant colonization: (A) the hydrolysis of plant nitriles generated during cyanogenic glycoside (CYG) and glucosinolate (GLUC) metabolism, for the purpose of detoxification or assimilation; (B) the hydrolysis of arylacetonitriles such as indole‐3‐acetonitrile (IAN), for the purpose of indole‐3‐acetic acid (IAA) biosynthesis; (C) the detoxification of cyanide (CN) and β‐cyano‐[l]{.smallcaps}‐alanine (Ala(CN)) synthesized endogenously or by other microbes, which results in the formation of aspartic acid (Asp) and ammonia (NH~3~) that can be assimilated as carbon and nitrogen sources; (D) the detoxification and assimilation of CN and Ala(CN) synthesized by plants.](mbt0002-0441-f5){#f5}

Another important area of nitrilase research involves remediation of cyanide and nitrile contaminated soil. Research into nitrilase regulation has shown that nitrilase activity is subject to environmental regulation and to the presence of appropriate inducing compounds. It may be possible to use knowledge of nitrilase activity and regulatory mechanisms to engineer organisms with increased levels of activity; and to exploit the fact that some nitrilases show evidence of being plant‐induced by implementing combined plant and microbe remediation strategies. [@b28]) showed that overexpression of a β‐cyano‐[l]{.smallcaps}‐alanine‐degrading bacterial nitrilase in plant tissues resulted in increased tolerance to the corresponding nitrile, and stimulated root elongation in the absence of the nitrile, possibly as a consequence of increased cyanide detoxification in plant tissues. Introduction of cyanide and nitrile‐degrading plants and bacteria into cyanide and nitrile contaminated sites could provide an effective mechanism to accelerate removal of these chemicals from soil and water.

Finally, it is worth noting that although numerous studies have shown that nitrilase‐related activities, particularly IAA and ethylene synthesis, have a significant effect on plant pathogenesis and plant growth promotion, in many cases the molecular mechanisms underpinning these effects remain unclear ([@b68]). Greater understanding of the role of nitrilases in plant physiology and plant--microbe interactions could be used to develop and deploy plant growth‐promoting organisms with greater effectiveness and to develop new strategies for preventing pathogenesis. Advances in genome sequencing are revealing new nitrilases in a plethora of plant‐associated microorganisms. Discovering what these enzymes do, and why they do it remains an ongoing challenge.
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